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Description

[0001] US 2011/0017431 A1 describes a flexible ther-
mal ground plane including an evaporator region and a
condenser region having a micro-wicking structure and
a nano-wicking structure coupled with micro-wicking
structure. A micromesh may be coupled with the micro-
wicking structure.

SUMMARY

[0002] According to a first aspect of the presentinven-
tion, there is provided a thermal ground plane according
to claim 1, comprising a bottom layer configured to en-
close a working fluid, wherein the bottom layer has a
thickness less than 60 microns; a top layer configured to
enclose the working fluid, wherein a perimeter of the bot-
tom layer and a perimeter of the top layer are hermetically
sealed together by thermo-compression bonding, where-
in the top layer has a thickness less than 60 microns,
wherein the top layer consists essentially of a metal; a
first plurality of pillars disposed on an interior surface of
the first planar substrate; a mesh layer disposed on the
top of the first plurality of pillars and bonded with the top
of the first plurality of pillars, wherein the mesh layer con-
sists essentially of copper, or polymer encapsulated with
copper, or stainless steel encapsulated with copper; and
a second plurality of pillars disposed on an interior sur-
face of the top layer within an area defined by the perim-
eter of the top layer and the second plurality of pillars
extend from the top layer to the mesh layer and are not
in contact with the bottom layer, wherein the spacing be-
tween each pillar of the second plurality of pillars is larger
than two times of the diameter of each pillar of the second
plurality of pillars; wherein the thermal ground plane has
a thickness less than 300 microns.

[0003] A thermalground plane (TGP)is disclosed. The
TGP may include a first planar substrate member con-
figured to enclose a working fluid; a second planar sub-
strate member configured to enclose the working fluid,
wherein the first planar substrate member and the sec-
ond planar substrate member are hermitically sealed to-
gether; a plurality of wicking structures disposed on the
first planar substrate member; and a plurality of pillars
disposed on an interior surface of the second planar sub-
strate member, wherein the thermal ground plane has a
thickness less than 300 microns.

[0004] The plurality of wicking structures comprise a
plurality of pillars disposed on the first planar substrate
member and the plurality of wicking structures comprise
aplurality of pillars formed on the second planar substrate
member.

[0005] Insomeembodiments,the firstplanarsubstrate
member and/or the second planar substrate member
comprise at least one of a metallic layer, a copper-clad-
ded polymer layer with thermal vias, a copper-cladded
polymer layer without thermal vias, a polymer-coated
copper layer, a metallic layer encapsulated by a hy-
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drophilic coating, a copper metallic layer encapsulated
by a hydrophilic hydrophobic coating, and/or a polymer
layer encapsulated by a metallic layer. In some embod-
iments, the first planar substrate member (e.g., a metal
cladding layer) and/or the second planar substrate mem-
ber may be thicker in one or more regions such as, for
example, regions near the evaporator or the condenser.
[0006] In some embodiments, the plurality of wicking
structures comprise a plurality of copper pillars bonded
with a mesh layer.

[0007] Insome embodiments, the a plurality of wicking
structures may comprise a material with atleast one prop-
erty selected from the list consisting of copper mesh,
stainless steel mesh, metal mesh, polymer mesh, cop-
per-encapsulated mesh, a mesh encapsulated by a hy-
drophilic coating, a mesh encapsulated by a hydrophobic
coating, a copper-encapsulated stainless steel mesh,
and a mesh encapsulated by a hermetic seal.

[0008] In some embodiments, the plurality of wicking
structures comprise copper pillars in contact with a stain-
less steel mesh encapsulated by copper or a copper
mesh.

[0009] In some embodiments, the one or more planar
spacers comprise copper pillars bonded with a stainless
steel mesh encapsulated by copper or a copper mesh.
[0010] In some embodiments, the one or more planar
spacers comprise a plurality of copper pillars or channels.
[0011] In some embodiments, the plurality of pillars
comprises a plurality of pillars or channels with various
star-shaped cross sections, such as rectangular, circular,
and/or star-shaped. In some embodiments, the plurality
of wicking structures comprise polymer pillars hermeti-
cally sealed by copper or other coatings, and/or coated
with a hydrophilic coating or a hydrophaobic coating.
[0012] The plurality of wicking structures comprise a
mesh layer. The mesh layer, for example, may include a
mesh selected from the list consisting of copper mesh,
stainless steel mesh, metal mesh, polymer mesh and
copper-encapsulated mesh stainless steel. The mesh
layer, for example, may include a hydrophilic coating or
a hydrophobic coating or hermetic coating.

[0013] In some embodiments, the plurality of wicking
structures and/or the plurality of pillars are deposited us-
ing a lithographic patterning process.

[0014] While the hermetical seal can be an ultrasound-
welded, an electrostaticwelded, or a laser-welded cop-
per-to-copper interface, the claimed invention comprises
a hermetic seal by thermo-compression bonding.
[0015] In some embodiments not forming part of the
invention, the hermetical seal can include a seal selected
from the list consisting of a copper-silver sintered inter-
face, a tin/lead solder, and a lead-free solder alloy.
[0016] A thermal ground plane (TGP)is disclosed. The
TGP may include a top layer; a mesh layer comprising a
plurality of arteries formed along a length of the mesh
layer; and a bottom layer comprising a plurality of pillars
that extend into the plurality of arteries/. The bottom layer
and the top layer are hermetically sealed around their
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perimeter. Each of the plurality of pillars may have at
least one dimension that is less than a dimension of at
least one of the plurality of arteries.

[0017] In some embodiments, the plurality of arteries
may be cut from the mesh layer. In some embodiments,
the TGP may include a micro-wick layer disposed on the
bottom layer. In some embodiments, the TGP may in-
clude a plurality of pillars disposed on the top layer.

BRIEF DESCRIPTION OF THE FIGURES

[0018] These and other features, aspects, and advan-
tages of the present invention are better understood
when the following Detailed Description is read with ref-
erence to the accompanying drawings. The patent or ap-
plication file contains at least one drawing executed in
color. Copies of this patent or patent application publica-
tion with color drawing(s) will be provided by the Office
upon request and payment of the necessary fee.

Figure 1 is a graph illustrating the maximum allow-
able surface temperatures of a mobile system using
different materials with different contact duration.
Figure 2 is an example infrared image of illustrating
a non-uniformly heated mobile device without effec-
tive heat spreading according to some embodi-
ments.

Figure 3 illustrates an example diagram of a thermal
ground plane (TGP) according to some embodi-
ments.

Figure 4 illustrates examples of flexible thermal
ground planes according to some embodiments.
Figure 5 illustrates the thermal resistance from an
evaporation region to a condensation region of a
TGP according to some embodiments calibrated
with a 1 inch by 1 inch heater injecting heat to the
TGP and 1 inch by 1 inch heat sink extracting heat
from the TGP.

Figure 6 illustrates a TGP according to some em-
bodiments.

Figure 7 shows a TGP with a top layer having pillars
formed therein, a bottom layer having pillars formed
therein, and a wicking structure according to some
embodiments.

Figure 8 illustrates the thinness of TGPs manufac-
tured according to some embodiments.

Figure 9illustrates an example TGP having a bottom
layer with copper pillars electroplated and bonded
with a copper-coated stainless steel mesh according
to some embodiments.

Figure 10 shows a top layer with a plurality of copper
pillars according to some embodiments.

Figure 11 shows an experimental setup that can be
used to characterize the properties of a thin flexible
TGP with a condensation region defined by a cold
plate according to some embodiments.

Figure 12is a graph showing the thermal resistances
of a TGP manufactured according to some embod-
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iments and using the experimental setups shown in
Figure 11.

Figure 13 shows an experimental setup that can be
used to characterize the properties of a thin flexible
TGP with distributed condensers condensation
where the heat is extracted by nature air convection
according to some embodiments.

Figure 14A illustrates another example TGP accord-
ing to some embodiments.

Figure 14B shows a TGP according to some embod-
iments.

Figure 15 illustrates another example TGP accord-
ing to some embodiments.

Figure 16 illustrates an example process for fabri-
cating a TGP according to some embodiments.
Figure 17 illustrates a top view of another TGP 700
not forming part of the invention

Figures 18A, 18B, and 18C illustrate side views of
the TGP shown in Figure 17 according to some em-
bodiments.

DETAILED DESCRIPTION

[0019] One challenge for mobile systems, e.g., smart-
phones, tablets and wearable electronics, is the control
of the skin temperatures. The skin temperature is the
temperature of an exterior portion of a device (e.g., the
case) that is touched by fingers, hands, face, ears, or
any other part of a human body. When the temperature
of a portion of a device reaches beyond the maxim um
allowable temperature, a user would consider the tem-
perature of the device to be hot. Of course, this perception
of heat is dependent on the materials and the duration
of the contact; it also varies from one person to another
one due to their difference in thermal physiology. Figure
1 illustrates a graph of acceptable skin temperatures for
a number of different materials considering different
touch duration.

[0020] As illustrated in Figure 2, a hot spot or region
with a much higher temperature than other locations on
a smart phone (or other device) could be generated by
an electronic chip such as, for example, a 5-Watt proc-
essor or a 1-Watt, small-size wireless amplifier. These
hot spots or regions could be removed by effective heat
spreading since the temperatures in the area outside
these hot spots can be much lower.

[0021] Typically, a metal heat spreader, such as, for
example, an aluminum or copper heat spreader, may be
effective. However, the thickness of the metal heat
spreader is being reduced in order to meet the demand
for the reduction of the total system’s thickness. For most
mobile systems, a thinner configuration is usually desir-
able. With a thin metal heat spreader, its thermal resist-
ance increases since it is affected by the thermal con-
ductivity and cross-section area for heat conduction. Al-
ternative approaches can use high thermal conductivity
graphite heat spreaders. However, the thermal conduc-
tivity of graphite heat spreaders generally decreases with
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the thickness of the graphite layer. The high thermal con-
ductivity graphite, e.g., thermal conductivity of 1,500
W/mK is too thin, e.g., 0.017 mm, to be effective to trans-
fer heat over a large area.

[0022] Some embodiments include a thin thermal
ground plane (TGP) with improved thermal performance.
For example, a TGP may use phase-change heat trans-
fer mechanisms with an evaporation-vapor transport-
condensation-liquid return path for heat transfer. As an-
other example, a TGP may be a very good heat spreader
with effective thermal conductivities higher than that of a
copper (see Figure 5). In some embodiments, a TGP
may include components and/or may be manufactured
with processes described in US Patent Application No.
12/719,775, entitled "Flexible Thermal Ground Plane and
Manufacturing the Same." Embodiments may also in-
clude atop layerincluding a plurality of spacers (or pillars)
sealed with a bottom layer having a plurality of pillars. In
some embodiments, the spacers may be deposited on
the top layer using a lithographic patterning process. In
some embodiments, the pillars may be deposited on the
bottom layer using a lithographic patterning process. In
some embodiments, the pillars and spacers may be
bonded or scribed on the first and/or second planar sub-
strate. In some embodiments, the pillars may have a di-
ameter that is less than or greater than the diameter of
the pillars and/or spacers. In some embodiments, the
spacers pillars may have a spacing that is less than or
greater than the spacing diameter of the pillars. In some
embodiments, the pillars in the spacers may have a
height, diameter or spacing that is less than or greater
than the spacing of the pillars in the wicking structure.
[0023] Figure 3 illustrates a diagram of an example
TGP 300 according to some embodiments. In this exam-
ple, the TGP 300 includes a top layer 310, a bottom layer
315, a liquid channel 320, and/or a vapor core 325. The
TGP 300, for example, may operate with evaporation,
vapor transport, condensation, and/or liquid return of wa-
ter or other cooling media for heat transfer between the
evaporation region 330 and the condensation region 335.
The top layer 310 may include copper, polyimide, poly-
mer-coated copper, copper-cladded Kapton, efc. The top
bottom layer 315 may include copper, polyimide, poly-
mer-coated copper, copper-cladded Kapton, etc. In
some embodiments, the top layer 310 and the bottom
layer 315 of the TGP is sealed together using thermo-
pressure compression

[0024] In some embodiments, the liquid channel 320
may include copper mesh, stainless-steel mesh, or
meshes made of other materials but encapsulated with
copper. The liquid channel 320, for example, may include
one, two, three, four, five, six or more layers of mesh of
the same or different materials. In some embodiments,
the liquid channel 320 may be bonded and/or sealed us-
ing FEP (fluorinated ethylene propylene), electroplating,
sintering, and/ or other adhesives or sealants with the
top layer 310. In some embodiments, in order to enhance
hydrophilic properties of the metallic mesh, atomic layer
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deposition (ALD) of Al,O4, TiO,, SiO,, or other coatings
may be used to encapsulate meshes of the liquid channel
320 with desirable functionality.

[0025] The vapor core 325 includes a plurality of pillars
disposed on the top layer 310. The pillars may be depos-
ited using any type of deposition technique such as, for
example, vapor deposition, etc.

[0026] Figure 4 illustrates examples of flexible thermal
ground planes according to some embodiments. The
TGPs may include may an active region of various sizes,
for example, the TGP may have at least one dimension
(e.g., length, width, radius, diameter, efc.) that is less
than 2 cm, 5 cm, 10 cm, 20 cm, 50 cm, 100 cm, 500 cm,
1000 cm, etc. and/or a thickness less than 0.1 mm, 0.25
mm, 2. 0.3 mm. . In a specific example, the active region
may have dimensions of 9.5 cm X5 cm X 0.1 cm.
[0027] In some embodiments, a TGP may include a
copper-cladded Kapton bottom layer and a copper-clad-
ded Kapton top layer with a copper or metallic mesh
and/or a polymer spacer sandwiched in between. The
metallic mesh may be copper mesh, stainless-steel mesh
with or without a copper coating, or meshes made of other
materials but encapsulated with copper. The copper
mesh layer, for example, may include one, two, three,
four, five, six or more layers of mesh. In some embodi-
ments, portions of the TGP (e.g., the copper mesh and/or
the polymer spacer) may be bonded and sealed using
FEP (fluorinated ethylene propylene), electroplating, sin-
tering, and/or other sealants. In some embodiments, in
order to enhance hydrophilic properties of the metallic
mesh, atomic layer deposition (ALD) of Al,O3, TiO,,
SiO,, or other coatings may be used to encapsulate the
meshes with desirable functionality.

[0028] Figure 5 illustrates the thermal resistance from
the evaporator evaporation region to the condensation
region of a TGP manufactured according to some em-
bodiments. In this example, the TGP includes is charac-
terized with a 1 inch by 1 inch (25,4 mm by 25,4 mm)
heater injecting the heat to the TGP and a 1 inch by 1
inch 2. (25,4 mm by 25,4 mm) heat sink extracting the
heat from the TGP. In this example, the active region of
the test sample is about 200 mm X 50 mm X 1 mm. The
results are compared with those obtained for a copper
reference sample with the same dimensions.

[0029] In some embodiments, the TGP may include a
layer having a plurality of pillars manufactured with elec-
troplating processes that produces, for example, large
bonding pads with copper-nickel-gold layers. Additionally
or alternatively, in some embodiments, an ALD hy-
drophilic or hydrophobic coating process may be used
to change the wettability of the pillars.

[0030] As shown in Figure 5, the thermal resistances
of a TGP manufactured according to embodiments are
compared with those of a copper reference sample with
the same dimensions. The thermal resistance from the
evaporator to the condenser is a function of input power
of the heater. As shown in the graph, the thermal resist-
ance drops from 7 K/W to about 2 K/W when the power
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increases from 5 to 25 Watts. The corresponding thermal
resistance of the copper sample is about 10 K/W. The
effective thermal conductivity of the TGP reaches about
2,000 W/mK at 25 Watts since its resistance is about 1/5
of the copper with the thermal conductivity of 400 W/mK.
In another test, our customer ran the power all the way
to 35 Watts and reached the effective thermal conduc-
tivities up to 4,000 to 7,000 W/mK.

[0031] In some embodiments, thermal vias with higher
thermal conductivity than the substrate materials may be
used. However, thermal vias were not used in this sample
which was used to create generate the illustration results
shown in the graph in Figure 5; therefore, there is a rel-
atively large and undesirable thermal resistance across
the 50- um thick Kapton layer due to the low thermal
conductivity of Kapton. With the use of thermal vias, the
total thermal resistance of the TGP may increase with an
effective thermal conductivity over 3,000 W/mK even at
the 25-Watt power level. Figure 6 illustrates a TGP 600
according to some embodiments. In this example, the
top layer 310 and/or the bottom layer 315 may include
copper cladded Kapton and/or may be similar to the top
layer 310 and the bottom layer 315 described above in
conjunction with Figure 3. The top layer 310 and the bot-
tom layer 315 of the TGP 600 is sealed together using
thermo-pressure compression. In between the top layer
310 and the bottom layer 315 the TGP 600 includes a
liquid channel, a wicking structure, and/or a vapor core.
[0032] The wicking structure 610, for example, may
include a copper mesh, stainless-steel mesh with or with-
outa copper coating, or one or more mesh made of other
materials but encapsulated with copper. The wicking
structure 610, for example, may include one, two, three,
four, five, six or more layers of mesh of the same or dif-
ferent material. In some embodiments, the wicking struc-
ture 610 may be bonded and/or sealed using FEP (fluor-
inated ethylene propylene) electroplating, sintering,
and/or other adhesives or sealants with the top layer 310.
In some embodiments, in order to enhance hydrophilic
properties of the wicking structure 610, atomic layer dep-
osition (ALD) of Al, O3, TiO,, SiO,, or other coatings may
be used to encapsulate meshes of the liquid channel 615
with desirable functionality. The wicking structure 610 is
bonded with or on a plurality of pillars of the liquid channel
615.

[0033] In some embodiments, the wicking structure
610 may include a woven mesh that may be bonded to
the pillars of the liquid channel 615 and/or the vapor core
605 through an electroplating process. In some embod-
iments, the mesh may be a copper woven mesh or a
metallic mesh. During this process, for example, the wick-
ing structure 610 (e.g., woven mesh) may be encapsu-
lated by copper. The top layer 310 with the vapor core
605 and the bottom layer 315 with the liquid channel 615
may be sealed together with the wicking structure 610
with a mesh in between. After sealing, the TGP 600 may
be charged with a working fluid, such as water, methane,
ammonia, or other coolants or refrigerants that are com-
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patible with the surfaces exposed to the working fluid.
[0034] The liquid channel 615, includes a plurality of
pillars (e.g., electroplated pillars). The vapor core 605,
includes a plurality of pillars (e.g., electroplated pillars).
In some embodiments, the pillars in the vapor core 605
may have at least one dimension (e.g., height, width,
length, diameter, efc.) that is smaller than at least one
dimension (e.g., height, width, length, diameter, efc.) of
the pillars of the liquid channel 615.

[0035] In some embodiments, a photo-lithographic
patterning process may be used to fabricate the pillars
in the liquid channel 615 and/or the vapor core 605. For
example, a photolithography process may be used to
form a plurality of pillars on the top layer 310 to form the
vapor core 605 and/or a photo-lithographic patterning
process may be used to form a plurality of pillars on the
bottom layer 315 to form the liquid channel 615. The pho-
to-lithographic patterning process, for example, may con-
trol the positioning and/or the heights of the pillars with
a resolution of a few microns. The plurality of pillars on
the top layer 310 and/or on the bottom layer 315 may be
formed by the mechanical scribing process.

[0036] In some embodiments, the thickness of a TGP
(e.g., TGP 300 or TGP 600, or any other TGP described
in this disclosure) may be less than about 300, 250, 200,
150, or 100 microns. For example, the top layer 310
and/or the bottom layer 315 may be 10, 20, 30, 40, 50,
but less than 60 microns thick, the liquid channel (e.g.,
liquid channel 615) may be 5, 10, 20, 30, 40, 50, but less
than 60 microns thick, the wicking structure (e.g., wicking
structure 610) maybe 5, 10, 20, 30, 40, 50, 60, etc. mi-
crons thick, and/or the vapor core (e.g., vapor core 605)
may be 10, 20, 30, 40, 50, 75, 100, 125, 150, efc. microns
thick.

[0037] Figure 7 shows an example of a TGP 600 with
a top layer 310 having pillars formed thereon to form the
vapor core 605, a bottom layer 315 having pillars formed
thereon to form the liquid channel 615 and a wicking
structure 610 disposed in between according to some
embodiments.

[0038] In some embodiments, the pillars may be fab-
ricated using electroplating over photo-lithograpy-de-
fined openings. In some embodiments, TGPs manufac-
tured according to some embodiments may have a thick-
ness larger than or less than 0.25 mm as shown in Figure
8. The total thickness can be reduced further since all
dimensions of critical features are defined by the photo-
lithography processes. In some embodiments, TGPs
may have a thickness less than about 0.25, 0.2, 0.15,
0.1, 0.05 mm, etc.

[0039] In some embodiments, the pillars of the liquid
channel 615 and/or the vapor core 605 may allow the
TGP to remain effective under different mechanical load-
ings even in an extremely thin configuration.

[0040] Figure 9 illustrates an example TGP with a plu-
rality of electroplated pillars and mesh according to some
embodiments. For example, the pillars on the top layer
and/or the bottom layer may be fabricated using a photo-
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lithographic patterning process and/or may have any di-
mension such as, for example, 100 um x 100 um squares
with 60 um spacing in between each square. This spac-
ing, however, does not fall under the claimed invention.
[0041] These pillars, for example, may be bonded to a
stainless steel woven mesh (e.g., having 500 wires/ inch
(19.7 wires/mm), 50 um thick) through various bonding
techniques such as, for example, copper electroplating.
The mesh, for example, may also be at least partially or
completely encapsulated by electroplated copper.
[0042] In some embodiments, the combined mesh-pil-
lar structure may achieve low capillary radius (or high
pumping pressure) in the evaporation regions and higher
flow hydraulic radius (or low flow pressure drop) in the
fluid channel.

[0043] Insomeembodiments, a controlled over-plating
process may be used to form the pillars with rounded
heads. In some embodiments, this shape may be bene-
ficial, for example, to form a sharp angle of each interface
between a pillar and the mesh bonded. These sharp an-
gles, for example, may enhance the capillary p umping
force pulling the liquid returned from the condenser to
the evaporator.

[0044] Figure 10 shows an example top layer with cop-
per pillars electroplated through a photolithography-de-
fined opening according to some embodiments. In this
example, the height of the pillars is 100 microns, the di-
ameter (or width) of the pillars is 1 mm, and the spacing
between the pillars is 2 mm. In this example, the pillars
may define the gap of the vapor core. With large spacing
(e.g., a spacing between pillars that is greater than the
diameter of the individual pillars or a spacing between
pillars that is greater than or equal to twice the diameter
of the individual pillars) the flow resistance may be rea-
sonably low, so that, according to the invention, the spac-
ing between the pillars of the second plurality of pillars
is larger than two times the diameter of each pillar.
[0045] Insome embodiments, the pillars formed on the
top layer and/or on the bottom layer may be hydrophilic.
In some embodiments, the pillars may have a cross sec-
tion that is round; oval; polygonal; star shaped as shown,
for example, in Figure 6; hexagonal; octagonal; pentag-
onal; square; rectangular; triangular; etc. In some em-
bodiments, condensation of vapor can occur along the
vapor core. In some embodiments, the hydrophilic prop-
erty of the pillars in the vapor core can reduce the size
of vapor droplets or bubbles. In some embodiments, the
star-shaped pillars can further enhance the hydrophilic
properties or wettability.

[0046] In some embodiments, the pillars may be con-
structed from material other than copper. The pillars, for
example, may be manufactured from polymer using pho-
to-lithographic deposition and etching techniques. Such
polymer pillars, for example, can be baked, followed by
hermetic encapsulation with copper, ALD moisture bar-
rier coating or other sealing materials. In some embodi-
ments, the thermal conductivities of polymer pillars may
be much lower than that of copper.
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[0047] In some embodiments, the process of manu-
facturing a TGP may include a removing air out of the
TGP followed by charging the TGP with water or other
working fluid that is compatible with an exposed TGP
inner surface. In some embodiments, a small diameter
copper tube may be coupled with the TGP to allow for
vacuuming and/or charging. After water charging, for ex-
ample, this tube can be pinch-sealed. In some embodi-
ments, the pinch-sealed tube can be removed by an ad-
ditional seal separating the active region from the region
with the tube.

[0048] Figure 11 shows anexperimental setup that can
be used to characterize the properties of a thin flexible
TGP according to some embodiments. In this example,
the evaporator (e.g., heater) region was defined by the
heater size was of 8 mm x 8 mm and the condensation
region was defined by the condenser block was with an
area of 5 cm x 2.5 cm. The temperature difference be-
tween the evaporator evaporation region and the con-
denser condensation region was measured, and this dif-
ference per unit of heattransferred to the condenser heat-
er's input power was used to calculate considered the
thermalresistance. The entire setup was covered by ther-
mal insulation to reduce air natural convection effect by
air.

[0049] Figure 12is a graph showing the thermal resist-
ances as a function of heater’'s input power of a TGP
manufactured according to some embodiments and us-
ing the experimental setups shown in Figure 11. As
shown in the figures, TGPs manufactures manufactured
according to embodiments outperform copper. From
these results, the thin TGP’s, effective thermal conduc-
tivity may be between 500 and 5,000 W/mK or 1,000 and
1,500 W/mK.

[0050] In some embodiments, the location of heat ex-
traction condensation may affect a TGP’s performance.
Figure 13 shows an experimental setup that can be used
to characterize the properties of a thin flexible TGP with
distributed condensers condensation cooled by air na-
ture air convection without an active cooling heat sink
according to some embodiments.

[0051] Inthe Figure, a1inchx1inch (25,4 mm by 25,4
mm) heater placed at the center of each sample’s bottom
side with wicking layer attached, the temperature differ-
ence between an upper region and the center (the heated
region) on the top side with spacer layer attached was
about 0.6 °C for the TGP sample with 4 W input. This
temperature difference was increased to 5.4 °C for the
copper sample with the same 4 W input. With distributed
condensation over a large area, comparing to copper,
the heat spreading performance of the TGP’s was im-
proved significantly, even without an active heat sink.
[0052] Figure 14A illustrates a TGP 400 according to
some embodiments. TGP 400 may be constructed with
any of the following configurations. For example, the ma-
terial on the interior surface exposed to water may be
copper. As another example, a stainless steel mesh 405
may be used that is encapsulated by copper. As another
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example, a copper mesh can be used. As another exam-
ple, the spacer 420 for the vapor core may be defined by
a polymer mesh such as, for example, a nylon mesh or
a PEEK mesh in conjunction with or in addition to copper
pillars. In addition the spacer 420 may be a copper mesh.
In some embodiments, one or more copper cladded Ka-
pton layers 410 and 420 may be included. In some em-
bodiments, a wicking layer 405 may be included. One or
more layers may be combined and/or bonded together.
[0053] Figure 14B shows an example TGP according
to some embodiments. In this example, a plurality of
meshes (e.g., a copper mesh and a nylon/peek spacer)
may be sealed between copper cladded Kapton layers.
[0054] The bottom layer and/or the top layer may be
assembled and/or sealed with one or more sealing tech-
niques such as, for example, ultrasound welding, laser
welding, between two layers and/or with a solder seal to
form a high-yield hermetic seal. Any other technique may
be used to hermetically seal the TGP such as, for exam-
ple, photolithography-defined solder masking, copper-
to-copper seam welding including ultrasonic welding or
laserwelding, copper-silver sintering, solder dipping, etc.
In this example, a first seal 455 and a second seal 455
may be used. All these sealing techniques do not fall
under the claimed invention, which comprises a thermo-
compression bonding.

[0055] Figure 15 illustrates another example TGP ac-
cording to some embodiments. In this example, a bottom
layer of copper cladded Kapton and a top layer of copper
cladded Kapton can be bonded by copper silver sintering
using a silver paste. The silver paste, in some embodi-
ments, may allow for lower temperature soldering or sin-
tering. Forexample, silver paste may be used for bonding
at 250° C without any pressure applied. In some embod-
iments, the copper surface may be treated with gold, sil-
ver and/or palladium. In some embodiments, the organic
binder in the paste may be removed by a drying process
before sintering.

[0056] Figure 16illustrates an example process forfab-
ricating a TGP according to some embodiments. At block
505, a plurality of pillars may be formed on a bottom layer.
These pillars, for example, may be used to form a liquid
layer or channels. The pillars may be formed using any
type of lithographic patterning process or mechanical
scribing process. The pillars may have a height less than
a millimeter, a diameter of less than 5 millimeters, and a
spacing between pillars that is greater than the diameter
of the individual pillars. The pillars may be metal and/or
polymers based, and/or include a hydrophilic coating or
a hydrophobic coating.

[0057] At block 510, a plurality of spacers may be
formed on a top layer. These spacers, for example, may
be used to form a vapor core layer. The spacers may be
formed using any type of lithographic patterning process.
The spacers may have a height less than a millimeter, a
diameter of less than 5 millimeters, and a spacing be-
tween pillars that is greater than the diameter of the in-
dividual pillars. In some embodiments, the spacers may
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have a diameter of less than the diameter of the pillars
and/or a space between pillars that is greater than the
diameter of the individual pillars. The spacers may be
metal and/or polymer based and/or encapsulated by cop-
per and/or include a hydrophilic coating and/or include a
hydrophobic coating.

[0058] Atblock 515, a mesh layer may be sandwiched
between the top layer and the bottom layer. The mesh
may be a metal mesh, a metal-encapsulated mesh, or a
copper-encapsulated stainless steel mesh. The mesh
may be a woven mesh. The woven mesh, for example,
may have a weave that is less than 75 microns in thick-
ness. In some embodiments, the mesh may be copper
encapsulated. In some embodiments, the mesh may
have a desirable wettability with hydrophilic or hydropho-
bic coatings. In some embodiments, the reaction of the
mesh with water may be negligible. In some embodi-
ments, the mesh can be bonded to the bottom layer by
electroplated copper.

[0059] At block 520 the top layer and the bottom layer
may be sealed to create a void cavity within which a work-
ing fluid may be placed. Any type of sealing may be used
including those described herein and those not described
herein. A tube may extend through the sealing to allow
evacuation and charging of the TGP.

[0060] At block 525 any air or non-condensable gas or
other material within the void may be evacuated using
any technique. At block 530 the TGP may be charged
with a working fluid such as, forexample, water, methane,
ammonia, or other working fluid that is compatible with
the exposed TGP inner surface.

[0061] The various steps in the process shown in Fig-
ure 16 may occur in any order and/or any block may be
removed.

[0062] In some embodiments, a TGP may be sealed
with tin/lead solder (or similar lead-free solder alloys) ac-
cording to some embodiments. Tin/lead solder’s reaction
with water may be limited.

[0063] Figure 17 illustrates a top view of another TGP
700 and Figures 18A, 18B, and 18C illustrate side views
of the TGP 700 according to some examples not part of
the present invention. The TGP 700 includes a top layer
(805 in Figure 18) and a bottom layer 705.

[0064] Figure 17 shows the TGP 700 with the top layer
805 removed. The top layer 805 and/or the bottom layer
705 may include copper and/or polyimide material. In
some embodiments, the top layer 805 and/or the bottom
layer 705 may include layers of both copper and polyim-
ide.

[0065] The TGP 700 includes a mesh return layer 715
that includes a plurality of return arteries 710 formed or
cut within the mesh return layer 715. In some embodi-
ments, the return arteries 710 may not extend into the
evaporator region 720 of the TGP 700. In some embod-
iments, the width of the return arteries 710 may be less
than 30 microns. In some embodiments, the width of the
return arteries 710 may be less than 100 microns. In
some embodiments, the mesh return layer 715 may in-
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clude a wick. In some embodiments, the mesh return
layer 715 may include a steel mesh such as, for example,
a mesh with wires that are less than 50 microns or 25
microns thick. In some embodiments, the mesh return
layer 715 may include a mesh with a simple weave at
200, 300, 400, 500, 600, 700, etc. wires/inch. In some
embodiments, the mesh return layer 715 may be elec-
troplated with copper. The mesh return layer 715 may
include a specified evaporator region that may provide a
specificlocation for a heatsource. Insome embodiments,
the mesh return layer 715 may have a thickness of about
40 microns.

[0066] The mesh return layer 715 may have any
number of shapes and/or configurations. In some em-
bodiments, the mesh return layer 715 may have a polyg-
onal or circular shape. In some embodiments, the mesh
return layer 715 may have multiple sections without re-
turn arteries 710. In some embodiments, the mesh return
layer 715 may include any number, shape or configura-
tion of return arteries 710. In some embodiments, the
return arteries 710 may have one or more pillars or other
mechanisms disposed within the return arteries 710.
[0067] In some embodiments, return pillars 835 (see
Figure 18) may extend from the bottom layer 705 through
the return arteries 710 of the mesh return layer 715. In
some embodiments, the return pillars 835 may form va-
por regions running parallel to the mesh return layer 715.
In some embodiments, the return pillars 835 may form
arteries in the adiabatic and/or condenser regions of the
TGP 700.

[0068] The return pillars 835 may have at least one
dimension that is smaller than the width of the return ar-
teries 710. In some embodiments, these pillars may have
at least one dimension (e.g., height, width, length, diam-
eter, efc.) that is less than 10 microns. In some embod-
iments, these pillars may have at least one dimension
(e.g., height, width, length, diameter, efc.) that is less
than 50 microns. In some embodiments, these pillars
may have at least one dimension (e.g., height, width,
length, diameter, efc.) that is less 100 microns.

[0069] Figure 18A shows a side view of TGP 700 cut
through Section A shown in Figure 17. In Figure 18A, the
TGP 700 is cut through a region where a return arteries
710 extends along a portion of the mesh return layer 715.
As shown in Figure 18A, the mesh return layer 715 is
present in the evaporator region. The return pillars 835
are shown extending through the return arteries 710. The
TGP 700 also includes a plurality of top pillars 825 dis-
posed on the top layer 805. The top pillars 825 may have
at least one dimension (e.g., height, width, length, diam-
eter, etc.) that is larger than the return pillars 835. The
top pillars 825 may have at least one dimension (e.g.,
height, width, length, diameter, etc.) that is larger than
0.25 mm, 0.5 mm, 0.75 mm, 1.0 mm, 1.25 mm, etc.
[0070] In some embodiments, the TGP 700 may in-
clude a micro wick layer 815. The micro wick layer 815,
for example, may include a plurality of pillars (e.g., elec-
troplated pillars). The micro wick layer 815 may have at
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least one dimension (e.g., pillar height, width, length, di-
ameter, pitch, etc.) that is smaller than the return pillars
835. The micro wick layer 815 may have at least one
dimension (e.g., height, width, length, diameter, efc.) that
is smaller than 5 pm, 10 pm, 15 pm, 20 pm, 25 pm, etc.
The micro wick layer 815 may be aligned with the return
arteries 710.

[0071] Figure 18B shows a side view of TGP 700 cut
through Section B shown in Figure 17. In Figure 18B, the
TGP is cut through a region without the return arteries
710 extending along a portion of the mesh return layer
715. Instead, the mesh return layer 715 extends along
the length of the TGP 700 along this section of the TGP
700.

[0072] Figure 18C shows an end view of TGP 700 cut
through Section C shown in Figure 17. In Figure 18C,
the TGP is cut through the mesh return layer 715 showing
both the mesh return layer 715 and the return arteries
710 formed in the mesh return layer 715. In some em-
bodiments, the return pillars 835 may extend through the
return arteries 710. In some embodiments, one or more
of the return pillars 835 may contact one or more of the
top pillars 825.

[0073] In some embodiments, the top layer 805 and
the bottom layer 705 are sealed along at least one edge
of the top layer 805 and along at least one edge of the
bottom layer 705. In some embodiments, the top layer
805 and the bottom layer 705 are sealed along at least
two edges of the top layer 805 and along at least two
edges of the bottom layer 705.

[0074] In some embodiments, a buffer region can be
created by design to collect and store any non-conden-
sable gas through passive convection. For example, a
space of a few millimeters can be formed in the area
outside the mesh (e.g., outside the mesh region shown
in Figure 6). This space can be added prior to bonding.
This space may collect any non-condensable gases that
would move to this space because of its different density,
and thus its effect on evaporation and condensation can
be reduced substantially.

[0075] Various other sealing techniques may be used
such as, for example, thermosonic or thermocompres-
sion bonding, ultrasonic welding, laser welding, electron
beam welding, electroplating; , solder sealing with alloys
with negligible reaction with water;, and polymer bonding
encapsulated by moisture barrier coatings such as atom-
ic layer deposition (ALD)-based coatings.

[0076] Some embodiments may include a pillar-ena-
bled TGP. In some embodiments, the TGP may include
a copper-cladded Kapton film that includes three layers.
These layers may, for example, include copper and Ka-
pton layers. Each layer may be about 12 um thick. In
some embodiments, a stainless steel woven mesh may
be included and may have a thickness less than 75 um.
In some embodiments, the pillars may allow for fluid
and/or vapor transport between the pillars under different
mechanical loadings.

[0077] Insome embodiments, a plurality of pillars may
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be formed on a copper layer (e.g., the top layer and/or
the bottom layer) using any of various lithography litho-
graphic patterning processes.

[0078] In some embodiments, a copper-encapsulated
stainless steel mesh may be sandwiched between the
top layer and the bottom layer. The stainless steel mesh,
for example, may have a weave that is less than 75 mi-
crons in thickness. In some embodiments, the mesh may
be copper encapsulated. In some embodiments, the
mesh may be hydrophilic. In some embodiments, the re-
action of the mesh with water may be negligible.

[0079] In some embodiments, a TGP may include a
mesh-pillar wicking structure. The mesh-pillar wicking
structure may allow the TGP to achieve a low capillary
radius (high p umping pressure) in the evaporation re-
gions and/or a higher flow hydraulic radius (low flow pres-
sure drop) in the fluid channel.

[0080] In some embodiments, a TGP may include pil-
lars with rounded heads. For example, the pillars may be
formed with controlled over-plating. In some embodi-
ments, the pillars may form very sharp angle at the inter-
face between a pillar and the mesh bonded. In some
embodiments, these sharp angles may be used, for ex-
ample, to enhance the capillary p umping force pulling
the liquid returned from the condenser to the evaporator.
[0081] In some embodiments, a plurality of star-
shaped pillars may be constructed on either the top layer
and/or the bottom layer that have a star-shaped polygon
various cross section.

[0082] Insome embodiments, a plurality of hydrophilic
pillars may be constructed on either the top layer and/or
the bottom layer.

[0083] In some embodiments, heat rejection through
condensation can be distributed throughout the external
surface of the TGP.

[0084] In some embodiments, pillars and/or spacers
may be disposed on a layer with densities (spacing be-
tween pillars or spacers) that vary across the layer, with
diameters that vary across the layer, with spacing that
vary across the layer, etc.

[0085] The Figures are not drawn to scale.

[0086] The term "substantially" means within 5% or
10% of the value referred to or within manufacturing tol-
erances.

[0087] Numerous specific details are set forth herein
to provide a thorough understanding of the claimed sub-
ject matter. However, those skilled in the art will under-
stand that the claimed subject matter may be practiced
without these specific details. In other instances, meth-
ods, apparatuses, or systems that would be known by
one of ordinary skill have not been described in detail so
as not to obscure claimed subject matter.

[0088] Theuseof"adapted to" or"configured to" herein
is meant as open and inclusive language that does not
foreclose devices adapted to or configured to perform
additional tasks or steps. Additionally, the use of "based
on" is meant to be open and inclusive, in that a process,
step, calculation, or other action "based on" one or more
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recited conditions or values may, in practice, be based
on additional conditions or values beyond those recited.
Headings, lists, and numbering included herein are for
ease of explanation only and are not meant to be limiting.
[0089] While the present subject matter has been de-
scribed in detail with respect to specific embodiments
thereof, it will be appreciated that those skilled in the art,
upon attaining an understanding of the foregoing, may
readily produce alterations to, variations of, and equiva-
lents to such embodiments. Accordingly, it should be un-
derstood that the present disclosure has been presented
for-purposes of example rather than limitation, and does
not preclude inclusion of such modifications, variations,
and/or additions to the present subject matter as would
be readily apparent to one of ordinary skill in the art. The
invention is defined by the appended claims.

Claims
1. A thermal ground plane comprising:

a bottom layer (315) configured to enclose a
working fluid, wherein the bottom layer (315) has
a thickness less than 60 microns;

atop layer (310) configured to enclose the work-
ing fluid, wherein a perimeter of the bottom layer
(315) and a perimeter of the top layer (310) are
hermetically sealed together by thermo-com-
pression bonding, wherein the top layer (310)
has a thickness less than 60 microns, wherein
the top layer (310) consists essentially of a met-
al;

a first plurality of pillars disposed on an interior
surface of the the bottom layer (315);

a mesh layer disposed on the top of the first plu-
rality of pillars and bonded with the top of the
first plurality of pillars, wherein the mesh layer
consists essentially of copper, or polymer en-
capsulated with copper, or stainless steel en-
capsulated with copper; and

a second plurality of pillars disposed on an inte-
rior surface of the top layer (310) within an area
defined by the perimeter of the top layer (310)
and the second plurality of pillars extend from
the top layer (310) to the mesh layer and are not
in contact with the bottom layer (315), wherein
the spacing between each pillar of the second
plurality of pillars is larger than two times of the
diameter of each pillar of the second plurality of
pillars;

wherein the thermal ground plane has a thick-
ness less than 300 microns.

2. The thermal ground plane according to claim 1,
wherein the first plurality of pillars comprise copper.

3. The thermal ground plane according to claim 1,
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wherein the first plurality of pillars comprises copper
pillars in contact with a stainless steel mesh encap-
sulated by copper or a copper mesh.

4. The thermal ground plane according to claim 1,
wherein either or both the first plurality of pillars or
the second plurality of pillars comprises copper pil-
lars, and the mesh comprises a stainless steel mesh
encapsulated by copper.

5. The thermal ground plane according to claim 1,
wherein either or both the first plurality of pillars or
the second plurality of pillars comprises a plurality
of pillars with various star-shaped cross sections,
such as rectangular, circular, and/or star-shaped.

6. The thermal ground plane according to claim 1,
wherein the mesh layer includes a hydrophilic coat-
ing or a hydrophobic coating.

7. The thermal ground plane according to claim 1,
wherein either or both the first plurality of pillars and
the second plurality of pillars are deposited using a
lithographic patterning process.

Patentanspriiche
1. Warmegrundebene, umfassend:

eine untere Schicht (315), die dazu konfiguriert
ist, ein Arbeitsfluid zu umschlieRen, wobei die
untere Schicht (315) eine Dicke von weniger als
60 Mikrometern aufweist;

eine obere Schicht (310), die dazu konfiguriert
ist, das Arbeitsfluid zu umschlieRen, wobei ein
Umfang der unteren Schicht (315) und ein Um-
fang der oberen Schicht (310) durch Thermo-
kompressionsbonden hermetisch miteinander
abgedichtet sind, wobei die obere Schicht (310)
eine Dicke von weniger als 60 Mikrometern auf-
weist, wobei die obere Schicht (310) im Wesent-
lichen aus einem Metall besteht;

eine erste Vielzahl von S&aulen, die auf einer In-
nenflache derunteren Schicht(315) angeordnet
ist;

eine Netzschicht, die auf der Oberseite der ers-
ten Vielzahl von Saulen angeordnet und mit der
Oberseite der ersten Vielzahl von Saulen ver-
bunden ist, wobei die Netzschicht im Wesentli-
chen aus Kupfer oder mit Kupfer eingekapsel-
tem Polymer oder mit Kupfer eingekapseltem
Edelstahl besteht; und

eine zweite Vielzahl von Saulen, die auf einer
Innenflache der oberen Schicht (310) innerhalb
eines Bereichs angeordnet ist, der durch den
Umfang der oberen Schicht (310) definiert ist,
wobei sich die zweite Vielzahl von Saulen von
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der oberen Schicht (310) zu der Netzschicht er-
streckt und nicht in Kontakt mit der unteren
Schicht (315) steht,

wobei der Abstand zwischen jeder Saule der
zweiten Vielzahl von Saulen gréfRer als das
Zweifache des Durchmessers jeder Saule der
zweiten Vielzahl von Saulen ist;

wobei die Warmegrundebene eine Dicke von
weniger als 300 Mikrometern aufweist.

Warmegrundebene nach Anspruch 1, wobei die ers-
te Vielzahl von Saulen Kupfer umfasst.

Warmegrundebene nach Anspruch 1, wobei die ers-
te Vielzahl von Saulen Kupfersaulen in Kontakt mit
einem Edelstahlnetz, das mit Kupfer eingekapselt
ist, oder einem Kupfernetz umfasst.

Warmegrundebene nach Anspruch 1, wobei entwe-
der die erste Vielzahl von Saulen oder die zweite
Vielzahl von Saulen oder beide Kupfersaulen um-
fassen und das Netz ein mit Kupfer eingekapseltes
Edelstahlnetz umfasst.

Warmegrundebene nach Anspruch 1, wobei entwe-
der die erste Vielzahl von Saulen oder die zweite
Vielzahl von Saulen oder beide eine Vielzahl von
Saulen mit verschiedenen sternférmigen Quer-
schnitten, wie etwa rechteckig, kreisférmig und/oder
sternférmig, umfassen.

Warmegrundebene nach Anspruch 1, wobei die
Netzschicht eine hydrophile Beschichtung oder eine
hydrophobe Beschichtung beinhaltet.

Warmegrundebene nach Anspruch 1, wobei entwe-
der die erste Vielzahl von Saulen oder die zweite
Vielzahl von Saulen oder beide unter Verwendung
eines lithografischen Strukturierungsprozesses ab-
geschieden werden.

Revendications

Plan de sol thermique comprenant :

une couche inférieure (315) configurée pour en-
fermer un fluide de travail, dans lequel la couche
inférieure (315) a une épaisseur inférieure a 60
microns ;

une couche supérieure (310) configurée pour
enfermer le fluide de travail, dans lequel un pé-
rimétre de la couche inférieure (315) et un péri-
meétre de la couche supérieure (310) sont her-
métiquement scellés ensemble par liaison par
thermocompression, dans lequel la couche su-
périeure (310) a une épaisseur inférieure a 60
microns, dans lequel la couche supérieure (310)
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est essentiellement constituée d’un métal ;
une premiére pluralité de piliers disposés sur
une surface intérieure de la couche inférieure
(315) ;

une couche de treillis disposée au sommet de
la premiere pluralité de piliers et liée au sommet
de la premiére pluralité de piliers, dans lequel la
couche de treillis est essentiellement constituée
de cuivre, ou de polymére encapsulé avec du
cuivre, ou d’acier inoxydable encapsulé avec du
cuivre ; et

une seconde pluralité de piliers disposés surune
surface intérieure de la couche supérieure (310)
dans une zone définie par le périmétre de la cou-
che supérieure (310) et la seconde pluralité de
piliers s’étendent de la couche supérieure (310)
a la couche de treillis et ne sont pas en contact
avec la couche inférieure (315),

dans lequel I'espacement entre chaque pilier de
la seconde pluralité de piliers est supérieur a
deux fois le diamétre de chaque pilier de la se-
conde pluralité de piliers ;

dans lequelle plan de sol thermique a une épais-
seur inférieure a 300 microns.

Plan de sol thermique selon la revendication 1, dans
lequel la premiére pluralité de piliers comprend du
cuivre.

Plan de sol thermique selon la revendication 1, dans
lequel la premiére pluralité de piliers comprend des
piliers en cuivre en contact avec un treillis en acier
inoxydable encapsulé par du cuivre ou un treillis en
cuivre.

Plan de sol thermique selon la revendication 1, dans
lequel 'un ou les deux parmi la premiére pluralité de
piliers ou la seconde pluralité de piliers comprend
des piliers en cuivre, et le treillis comprend un treillis
en acier inoxydable encapsulé par du cuivre.

Plan de sol thermique selon la revendication 1, dans
lequel 'un ou les deux parmi la premiére pluralité de
piliers ou de la seconde pluralité de piliers comprend
une pluralité de piliers avec diverses sections trans-
versales en forme d’étoile, telles que rectangulaire,
circulaire et/ou en forme d’étoile.

Plan de sol thermique selon la revendication 1, ca-
ractérisé en ce que la couche de treillis comporte
un revétement hydrophile ou un revétement hydro-
phobe.

Plan de sol thermique selon la revendication 1, dans
lequel 'un ou les deux parmi la premiére pluralité de
piliers et de la seconde pluralité de piliers sont dé-
posés a l'aide d’un procédé de formation de motif
lithographique.
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